were able to perform six and eight sequences, with and appear to have a special role in the encoding of 87% and 85% accuracy, respectively. In order to preserial order. However, medial motor areas also have sigvent habituation to the performance of specific senals that relate to other aspects of sequences such as quences, the sequences were presented pseudoranthe transition from one movement to the next, and the domly for each repetition across the eight repetitions specific sequence itself (Shima and Tanji were the most common (40%; n = 136). Neurons with a
Introduction

Results
The sequential nature of behavior has intrigued scientists for more than a century (James, 1890; Lashley, Primary Motor Cortex Activity during 1951). Movement sequences are complex behaviors the Performance of Sequences that are defined by both the component movements Before neural recording, we confirmed the location of and the serial order in which they are produced. The motor cortex using intracortical microstimulation (ICMS) medial motor areas, supplementary motor area (SMA) (Alexander and Crutcher, 1990; Luppino et al., 1991). and pre-SMA, are important for sequence production After extensive training, monkey sa3 and monkey sa5 (Clower and Alexander, 1998; Tanji and Shima, 1994) were able to perform six and eight sequences, with and appear to have a special role in the encoding of 87% and 85% accuracy, respectively. In order to preserial order. However, medial motor areas also have sigvent habituation to the performance of specific senals that relate to other aspects of sequences such as quences, the sequences were presented pseudoranthe transition from one movement to the next, and the domly for each repetition across the eight repetitions specific sequence itself (Shima and Tanji, 2000) . It is an of the whole sequence set. We found that a large open question whether the primary motor cortex, which number of cells in motor cortex were activated during is strongly related to coding the spatial aspects of the instruction period before the GO signal and without movement (Georgopoulos et al. were the most common (40%; n = 136). Neurons with a of these main effects changed as the task progressed: during the movement epoch of the sequence task the main effect of direction became most prominent (44%; n = 141), with a marked decrease in the proportion of neurons related to either sequence (5%; n = 16) or serial order (4%; n = 13). The neuron shown in Figure 3 demonstrated a clear effect of sequence during the delay period (p < 0.001). This is most evident if one compares movement in the same direction across sequences. For example, this cell was highly active in sequence 4, movement to right with serial order 2. The same movement direction appeared in each of the other sequences, but the neural activity was quite different even when it was also matched for the serial order such as in sequence 7. We propose that such specific activity was responsible for the production of sequence 4. Neither the direction effect nor the serial order effect was significant (p > 0.05) for this cell. The same point can be made by comparing movements to 90°(up) with serial order 3 in sequences 3 and 5. These results suggest that the motor cortex is strongly involved in planning the whole sequence of upcoming arm movements as opposed to direction or serial order alone. formed as a control with each set of sequences (p > 0.05; Figure 4A ). In addition, we examined the effect of muscimol on individual sequences on the basis of the main effect of direction (17%; n = 58) and serial order location of injection ( Figures 4B-4D ). This led to two (16%; n = 55) were observed less frequently during the interesting observations. First, the increase in error rate delay period. In this report, we focus on the sequenceseemed to be specific for certain sequences at a single related activity. As one might expect, the distribution injection site, in spite of the fact that all sequences were composed of the same component movements. For example, after injection 1 (see Figure 2 and Figure  4B ), the error rates for sequences 2, 3, 5, and 8 increased significantly (Mann-Whitney test, p < 0.001), while those of other sequences did not. Second, the population of sequences that showed the greatest effect of muscimol changed from one injection site to another. The muscimol effect was most obvious for sequences 2, 3, and 5 following injection 1, while the maximum effect was seen for sequences 1, 2, 5, and 6 after injection 3. We also examined whether there was a significant difference in the distribution of errors in the different sequences across the three injection sites by testing for an interaction between sequence and In the current experiment, the animal subjects were trained for an average of 6 months before neural recording began, whereas in other work (Mushiake et al., 1991; Tanji and Shima, 1994), the subjects were explicitly instructed in three-element sequences for a short period, after which the sequences were performed from memory. Is it possible that the sequence-specific activity that we documented was merely an epiphenomenon? We think not, for several reasons. The first is that the sequence-specific activity was even more common than direction-related activity, an important property of motor cortex cells. The cells involved in sequences were not a small subpopulation but formed almost half of the whole population under study; in fact, the proportion of sequence cells in motor cortex in the current study was 6-fold greater than that documented in a similar study in medial motor areas (Shima and Tanji, 2000) . Second, the sequence-related activity was seen in a delay period before the presentation of a GO signal, and in the absence of any EMG changes, and thus was not likely to reflect a spurious association with movement variables. Finally, the most direct evidence of the involvement of motor cortex comes from the results of muscimol inactivation. We found that sequence production was disrupted without any deleterious effect on the performance of visually instructed, nonsequenced, center-out movements. In addition, our inactivation study showed that the muscimol injections had differential effects in distinct locations within motor cortex. Furthermore, the effect of inactivation on the performance of specific sequences was strongly correlated with the neural properties of cells recorded in adjacent cortical tissue ( Figure 4E ). The last two findings suggest that, The concept of sequence encoding in motor cortex cortex neurons. For example, the motor cortex encodes should be no more surprising than the suggestion that the serial order of visual stimuli when this information internal models of motor behavior are also stored in is important for making a subsequent motor response that structure (Gribble and Scott, 2002 ). In the current (Carpenter et al., 1999) . Similarly, in the current experistudy, we do not know whether the neural signature for ment the motor cortex is seen to encode whole sespecific sequences appeared during early learning or quences because this information is essential for coronly after extensive practice. It is possible that in early rect task performance. By extension, the motor cortex learning the production of sequences is controlled priis not a relatively inert structure implementing commarily by prefrontal cortex and medial motor areas (Himands from "higher" motor areas. Rather, motor cortex kosaka et al., 1999). As learning progresses, control integrates and ultimately encodes information that is shifts to motor cortex in addition to the basal ganglia essential for the performance of the motor task at hand. and cerebellum; the relative contribution of these areas The observation that motor cortex neurons exhibit has yet to be established. changes in activity during the instructed delay period In summary, we believe that motor cortex is a key that relate to the significance of an arbitrary visual stimstructure in the distributed system of cortical areas ulus adds to the growing literature showing this area controlling sequence production, both because of the to be involved in predictive behavior and in the more prominence of the sequence effect in neurons relative "cognitive" aspects of . Overall, our data suggest that for wellcific activity in motor cortex was commonly observed practiced movement sequences, the motor cortex has in the instruction period (40%) but was rare during the a complete apparatus capable of their control and is movement time (5%). Conversely, as one might expect, likely to be the main neural substrate for this complex direction-specific activity was more prevalent during motor behavior. movement time (44%) than in the instruction period (17%). Sequence-related activity may be regarded as a
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Experimental Procedures
higher-order signal in that it codes for a particular direction only in a specific sequence. In the same vein, direc- six or eight. For each dataset, there were eight repetitions of each across injection sites, we used an ANOVA to test for an interaction effect between sequence and injection site. In addition, we used set of sequences. The monkeys initially had to find the correct order for each sequence by trial and error. The number of errors dePearson's correlation coefficient to test the association between the percentage error rates for each specific sequence following creased with long-term practice; after 6-8 months of training, monkey sa3 and monkey sa5 were able to perform six and eight muscimol injection, and the number of cells with neural activity related to that specific sequence in the brain tissue surrounding sequences, with 87% and 85% accuracy, respectively. In addition to the sequence task, the animal subjects also performed a visually the injection site (within a radius of 1 mm), for each of the three injection sites. guided, simple center-out movement (control) task to each of the four targets, which were pseudorandomly presented. Monkey sa3
Subjects
The direction tuning of cells and its significance were determined using standard methodology (Lurito et al., 1991) . We tested whether naturally preferred to use his right hand performing the sequences, and monkey sa5 preferred to use his left hand; neural recordings they were significant changes in preferred direction, within the same cell, across behavioral tasks (center-out control and sewere from the contralateral motor cortex in each animal. For each group of cells that we recorded, the animal performed both the quence) by first using a bootstrap (n = 4000), with replacement, to construct a distribution of preferred directions for each task. We simple movement and sequence tasks; the order of performance was chosen randomly. then bounded these distributions at the 0.025 and 0.975 percentiles (nonparametric bootstrap 95% confidence interval). If the distributions did not overlap within the confidence boundary, we deterNeural Recording mined that there was a significant difference (p < 0.05) between the Detailed surgical and electrophysiological recording procedures preferred directions in the two conditions. have been described previously (Taira et al., 1996) . Briefly, after animals performed consistently with greater than 85% accuracy at the end of the training period, a 7 mm diameter stainless steel reAcknowledgments cording chamber was implanted in the skull overlying the hand/arm representation of the motor cortex under aseptic conditions using This work was supported by NIH award NS42278 and the Brain general anesthesia. After a 7 day recovery period, we began to Sciences Chair. We thank Bing Chen for assistance with part of the record extracellularly the activity of single neurons using seven inexperiment and Matt Gregas for statistical advice. dependently driven microelectrodes (Uwe Thomas Recording, Marburg, Germany); action potentials were isolated using dual-amplitude window discriminators ( 
